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COLOR COMBINING OPTICAL SYSTEM AND 
IMAGE PROJECTION APPARATUS 

BACKGROUND OF THE INVENTION 
5 1. FIELD OF THE INVENTION 

[0001] The present invention relates to color combining 
optical systems used for image projection apparatuses such as 
projectors . 

10 2. DESCRIPTION OF RELATED ART 

[0002] An image projection apparatus combining reflective 
liquid crystal display elements and polarization beam splitters 
is disclosed in Japanese Patent Application Laid-Open No 
2001-154268. 

15 [0003] As shown in FIG. 12, the image projection apparatus 
disclosed in this publication includes a white light source 1001, 
reflective liquid crystal display elements 1002R, 1002G and 
1002B, and a projection optical system 1003, as well as a 
. dichroic mirror 1004 arranged between the white light source 

20 1001 and the reflective liquid crystal display elements 1002R, 
1002G and 1002B. The image projection apparatus further 
includes a color separating system provided with polarization 
beam splitters 1005 and 1006 between the dichroic mirror 1004 
and the reflective liquid crystal display elements 1002R, 1002G 

25 and 1002B, as well as a color combining system provided with 
the first and second and a third polarization beam splitter 1005, 
1006 and 1007 between the reflective liquid crystal display 
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elements 1002R, 1002G and 1002B and the projection optical 
system 1003. 

[0004] Here, the color separating system separates the white 
light with the dichroic mirror 1004 into light of a first color 
5 (green) and light of a second and third color (red and blue) . 
The light of the first color is incident on a first polarization 
beam splitter 1005. The light of the second and third colors 
is incident on a first color-selective wave plate 1008 provided 
between the dichroic mirror 1004 and the second polarization 

10 beam splitter 1006. The first color-selective wave plate 1008 
can rotate the polarization direction of the light of a 
predetermined wavelength region by 90°. Thus it is possible 
to correlate the color components (R and B) with the 
polarization directions (P and S) . 

15 [0005] The first color-selective wave plate 1008 rotates the 
polarization direction of the B light by 90° , the B light is 
incident as P-polarized light and the R light is incident as 
S-polarized light on the second polarization beam splitter 1006, 
and the light of the second color (R) is separated from the light 

20 of the third color (B) by this second polarization beam splitter 
1006. 

[0006] In the color combining system, the . polarization 
direction of the G light reflected by the first polarization 
beam splitter 1005 is rotated 90° by the first reflective liquid 
25 crystal display element 1002G, the G light is transmitted 
through the first polarization beam splitter 1005, its 
polarization direction is again rotated 90° by a 1/2 wave plate 
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1012, is reflected by the third polarization beam splitter 1007, 
and reaches the projection optical system 1003. 
[0007] Moreover, the polarization direction of the R light 
is rotated 90° and the R light is reflected by the second 
5 reflective liquid crystal display element 1002R, and is 
transmitted through the second polarization beam splitter 1006 . 
The polarization direction of the B light is rotated 90° and 
the B light is reflected by the third reflective liquid crystal 
display element 1002B, and is reflected by the second 

10 polarization beam splitter 1006. Thus, the light of the two 
colors red and blue is combined into one light flux. 
[0008] Here, the polarization direction of the B light is 
rotated 90° by a second color-selective wave plate 1009 arranged 
between the second polarization beam splitter 1006 and the third 

15 polarization beam splitter 1007, so that the B light becomes 
P-polarized light, like the R light. Therefore, as the R and 
B light is transmitted through the third polarization beam 
splitter 1007, the light of the three colors is combined and 
reaches the projection optical system 1003. 

20 [0009] However, in the color combining system of the image 
projection apparatus in this conventional example, 
polarization beam splitters are used to combine the light of 
the first color, the light of the second color and the light 
of the third color, so that there is the problem of a loss of 

25 light and a mismatching of the color balance when the 
transmittance for P-polarized light decreases due to the 
incidence angle characteristics of the polarization splitting 
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surfaces (films) provided on the polarization beam splitters. 
[0010] FIG. 13 shows a graph of the transmittance of the 
polarization splitting surface for P-polarized light. The 
polarization splitting surface achieves a transmittance that 
5 is close to 100% when the P-polarized light that is transmitted 
through the polarization splitting surface satisfies the 
Brewster angle, so that when the incidence angle fluctuates , 
the incidence angle at the polarization splitting surface will 
deviate from the Brewster angle. Thus, the transmittance is 

10 lowered considerably, so that there is the problem that an 
angular fluctuation as shown in FIG. 13 occurs. 
[0011] Furthermore, there are also conventional examples, in 
which a dichroic prism is used instead of a polarization beam 
splitter 1007 . However in this case, the half-value wavelength 

15 separating the wavelengths into transmitted and reflected 
wavelengths shifts due to the incidence angle characteristics, 
so that the spectral characteristics tend to change. Thus, 
there is the problem of a loss of light and a mismatching of 
the color balance. 

20 [0012] FIG. 14 illustrates the transmittance of a dichroic 
film. The dichroic film is made by arranging layers of 
different refractive index in an alternating manner. Dichroic 
characteristics by which a predetermined wavelength region is 
transmitted while other wavelength regions are reflected are 

25 attained by alternatingly forming a transmitting (wavelength) 
band in which light is transmitted and a reflecting (wavelength) 
band in which light is reflected, with the same equivalent 
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refractive index. 

[0013] In this case, the following relation is established 
between the central wavelength AO of the reflection band and 
the refractive index n and the film thickness d of the film 
5 material formed in alternating layers, as shown in FIG. 15, and 
the light ray angle 9 with respect to the refraction surface: 

AO = 4 x nl x dl x cos (01) = 4 x n 2 x d2 x cos (02) 

10 Here, nl x dl * cos (01) and n2 x d2 x cos (02) are the equivalent 
film thicknesses. 

[0014] From this relation, it can be seen that when the 
incidence angle of the light on the dichroic film changes and 
the light ray angle 0 on the refraction surface changes, then 
15 the center wavelength of the refractive band changes too, so 
that the dichroic characteristics shift in the wavelength 
direction, and angular fluctuations as shown in FIG. 14 are the 
result . 

20 SUMMARY OF THE INVENTION 

[0015] It is an object of the present invention to provide 
a color combining optical system with which light of a plurality 
of colors can be combined while reducing the loss of light due 
to fluctuations in the incidence angle on the polarization color 

25 combining film, and with which a bright image can be achieved, 
as well as an image projection apparatus including such a color 
combining optical system. 
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In order to achieve this object, a color combining optical 
system according to one aspect of the present invention, which 
combines a first color light and a second color light, includes 
a polarization color combining film made of a multilayer film. 
5 The polarization color combining film combines a first 
polarization component of the first color light and a second 
polarization component of the second color light, which has a 
polarization direction substantially perpendicular to the 
first polarization component, with an efficiency of 90% or more 

10 in a predetermined incidence angle range. 

[0016] These and further objects and features of the color 
combining optical system and the image projection apparatus 
according to the present invention will become apparent from 
the following detailed description of preferred embodiments 

15 thereof taken in conjunction with the accompanying drawings. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0017] FIG. 1 shows an example of the structure of an image 
projection apparatus according to Embodiment 1 of the present 
invention . 

[0018] FIG. 2 is a graph illustrating the characteristics of 
a dichroic mirror of Embodiment 1. 

[0019] FIG. 3 is a graph illustrating the characteristics of 
a color-selective wave plate of Embodiment 1. 
[0020] FIG. 4 is a graph illustrating the characteristics of 
a color-selective wave plate of Embodiment 1. 
[0021] FIG. 5A and FIG. 5B are graphs illustrating the 
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characteristics of a polarization color combining prism of 
Embodiment 1 . 

[0022] FIG. 6 shows an example of the structure of an image 
projection apparatus according to Embodiment 2 of the present 
5 invention. 

[0023] FIG. 7 is a graph illustrating the characteristics of 
a color-selective wave plate of Embodiment 2. 
[0024] FIG. 8A and FIG. 8B are graphs illustrating the 
characteristics of a polarization color combining prism of 
10 Embodiment 2 . 

[0025] FIG. 9A and FIG. 9B are graphs illustrating the 
characteristics of a polarization color combining prism of 
Embodiment 3 of the present invention. 

[0026] FIG. 10A and FIG. 10B are graphs illustrating the 
15 characteristics of a polarization color combining prism of 
Embodiment 4 of the present invention. 

[0027] FIG. 11A and FIG. 11B are graphs illustrating the 
characteristics of a polarization color combining prism of 
Embodiment 5 . 

20 [0028] FIG. 12 shows the structure of a conventional image 
projection apparatus. 

[0029] FIG. 13 is a graph showing the transmittance 

characteristics for P-polarized light of a conventional 
polarization splitting surface. 
25 [0030] FIG. 14 is a graph showing the transmittance 

characteristics of a conventional dichroic film. 
[0031] FIG. 15 is a diagram illustrating the characteristics 
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of a conventional dichroic film. 

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS 
[0032] The following is a description of preferred 

5 embodiments of the present invention, with reference to the 
accompanying drawings . 

[0033] Embodiment 1 

[0034] FIG. 1 shows an example of the structure of an image 
10 projection apparatus according to Embodiment 1 of the present 
invention. In FIG. 1, reference numeral 1 denotes a light 
source emitting white light with a continuous spectrum, 
reference numeral 2 denotes a reflector condensing light in a 
predetermined direction, reference numeral 3a denotes a first 
15 fly-eye lens made by arranging rectangular lenses in a matrix, 
and reference numeral 3b denotes a second fly-eye lens made of 
a lens array corresponding to the individual lenses in the first 
fly-eye lens 3a. 

[0035] Reference numeral 4 denotes a polarization conversion 
20 element, which aligns unpolarized light to light which has a 
predetermined polarization direction. Reference numerals 5a 
and 5b denote condenser lenses, and reference numeral 5c denotes 
a reflection mirror. Reference numeral 6a denotes a first 
color-selective wave plate, which converts the polarization 
25 direction of blue light (also referred to as "B light" in the 
following) by 90° but does not convert the polarization 
direction of red light (also referred to as "R light" in the 
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following) . Reference numeral 6b denotes a second 

color-selective wave plate, which converts the polarization 
direction of R light by 90° but does not convert the polarization 
direction of B light. It should be noted that green light is 
5 also referred to as "G light" in the following. 

[0036] Reference numeral 7 denotes a dichroic mirror, which 
reflects light of the R wavelength region and transmits light 
of the G wavelength region. Reference numerals 8a and 8b denote 
a first polarization beam splitter and a second polarization 

10 beam splitter, which have a polarization splitting surface that 
transmits P-polarized light and reflects S-polarized light. 
Reference numeral 13 denotes a polarization color combining 
prism, which transmits P-polarized G light and reflects 
S-polarized R and B light. 

15 [0037] Reference numerals 9r, 9g and 9b respectively denote 
a reflective liquid crystal display element (image-forming 
element) for red, a reflective liquid crystal display element 
for green, and a reflective liquid crystal display element for 
blue, which reflect the respective color light (incident light) 

20 and perform image modulation. 

[0038] These liquid crystal display elements 9r, 9g and 9b 
are connected to a driving circuit 51. The driving circuit 51 
is supplied with image signals from an image information 
supplying apparatus 52, such as a personal computer, a DVD 

25 player, a video deck or a television receiver, and drives the 
liquid crystal display elements 9r, 9g and 9b in response to 
the supplied image signals. Thus, the light of the respective 
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colors incident on the liquid crystal display elements 9r, 9g 
and 9b is image-modulated and reflected. 

[0039] Reference numerals lOr, lOg and 10b respectively 
denote a 1/4 wave plate for red, a 1/4 wave plate for green, 
and a 1/4 wave plate for blue. Reference numeral 11 denotes 
a projection lens, and reference numerals 12a, 12b, 12c and 12d 
respectively denote polarizing plates. 

[0040] The following is a description of the optical action. 
The light emitted from the light source 1 is condensed in a 
predetermined direction by the reflector 2. Here, the 
reflector 2 has a parabolic shape, and the light from the focus 
position of the paraboloid is turned into a light flux that is 
parallel to the symmetry axis of the paraboloid. However, since 
the light source 1 is not an ideal point light source but has 
a finite size, the condensed light flux includes many components 
of light that is not parallel to the symmetry axis of the 
paraboloid. 

[0041] The condensed light flux is incident on the first 
fly-eye lens 3a. The first fly-eye lens 3a is made of 
rectangular lenses with positive refractive power that are 
combined to a matrix, and the incident light flux is divided 
into a plurality of light fluxes corresponding to those lenses, 
and these light fluxes are condensed. Then, these divided light 
fluxes are transmitted through a second fly-eye lens 3b, and 
form, in matrix shape, a plurality of light-source images in 
the vicinity of the polarization conversion element 4. 
[0042] The polarization conversion element 4 is made of 
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polarization splitting surfaces, reflecting surfaces and 1/2 
wave plates. The plurality of light fluxes condensed into 
matrix shape is incident on the polarization splitting surface 
corresponding to the rows of the light fluxes and is divided 
5 into P-polarized light components which are transmitted and 
S-polarized light components which are reflected. 
[0043] The reflected S-polarized light components are 

reflected by the reflecting surface and emerge in the same 
direction as the P-polarized light components. The 

10 P-polarized light components are transmitted through the 1/2 
wave plates and are converted into components with the same 
polarization as the S-polarized components. Thus, light 
fluxes with aligned polarization direction emerge from the 
polarization conversion element 4. 

15 [0044] The light fluxes whose polarization has been converted 
are focused to the vicinity the polarization conversion element 
4 and then reaches a condensing optical system as divergent 
light fluxes. 

[0045] The condensing optical system is made of condenser 
20 lenses 5a and 5b. The light fluxes overlap with each other at 
a position where the rectangular images of the fly-eye lens are 
formed by the condensing optical system, and form rectangular 
uniform illumination areas. The reflective liquid crystal 
display elements 9r, 9g and 9b are arranged in these 
25 illumination areas. 

[0046] The dichroic mirror 7, which is provided in the 
illumination optical path, has the characteristics shown by the 
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solid line in FIG. 2. 

[0047] After the disturbance, due to the dichroic mirror 7 , 
of the polarization direction of the G light that has been 
separated by the dichroic mirror 7 is rectified by a polarizing 
plate 12a, the G light is incident as S-polarized light on the 
first polarization beam splitter 8a, reflected by its 
polarization splitting surface (film) and reaches the 
reflective liquid crystal display element 9g for G light. 
[0048] At the reflective liquid crystal display element 9g 
for G light, the G light is image-modulated and reflected. The 
S-polarized light component of the image-modulated G light is 
reflected again by the polarization splitting surface (film) 
of the first polarization beam splitter 8a and is returned to 
the light source side and thus eliminated from the projection 
light. The P-polarized light component of the image-modulated 
G light is transmitted through the polarization splitting 
surface of the first polarization beam splitter 8a and becomes 
the projection light. After unnecessary polarization 
components are further eliminated with the polarizing plate 12b, 
the light that has been transmitted through the first 
polarization beam splitter 8a reaches the polarization color 
combining prism 13. 

[0049] After the disturbance, due to the dichroic mirror 7, 
of the polarization direction of the R light and the B light 
reflected by the dichroic mirror 7 is rectified by the 
polarizing plate 12c, the R light and the B light are incident 
on the first color-selective wave plate 6a. The 
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characteristics of the first color-selective wave plate 6a are 
shown in FIG. 3. 

[0050] In FIG. 3, the horizontal axis marks the wavelength 
of incident light, and the vertical axis marks the conversion 
rate at which the polarization direction is converted to a 
direction 90° (perpendicular) to the polarization direction of 
the incident light. Thus, R light emerges as S-polarized light 
without being converted from the first color-selective wave 
plate 6a, whereas B light is converted and emerges as 
P-polarized light from the first color-selective wave plate 6a. 
[0051] Thus, the B light is incident as P-polarized light and 
the R light is incident as S-polarized light on the second 
polarization beam splitter 8b. At the second polarization beam 
splitter 8b, the B light is transmitted through the polarization 
splitting surface and reaches the reflective liquid crystal 
display element 9b for B light, whereas the R light is reflected 
by the polarization splitting surface and reaches the 
reflective liquid crystal display element 9r for R light. 
[0052] At the reflective liquid crystal display element 9b 
for B light, the B light is image-modulated and reflected. The 
P-polarized component of the modulated B light is again 
transmitted through the polarization splitting surface of the 
second polarization beam splitter 8b, and is returned to the 
light source side and thus eliminated from the projection light . 
The S-polarized component of the modulated B light is reflected 
by the polarization splitting surface of the second 
polarization beam splitter 8b and reaches the polarization 
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color combining prism 13. 

[0053] Similarly, at the reflective liquid crystal display 
element 9r for R light, the R light is image-modulated and 
reflected. The S-polarized component of the modulated R light 
is again reflected by the polarization splitting surface of the 
second polarization beam splitter 8b, and is returned to the 
light source side and thus eliminated from the projection light . 
The P-polarized component of the modulated R light is 
transmitted through the polarization splitting surface of the 
second polarization beam splitter 8b and reaches the 
polarization color combining prism 13. Thus, the B projection 
light and the R projection light are combined into one light 
flux. 

[0054] The combined R light and B light is incident on the 
second color-selective wave plate 6b. The second 

color-selective wave plate 6b has the characteristics shown in 
FIG. 4. In FIG. 4, the horizontal axis marks the wavelength 
of incident light, and the vertical axis marks the conversion 
rate at which the polarization direction is converted to a 
direction 90° (perpendicular) to the polarization direction of 
the incident light. Thus, B light emerges still as S-polarized 
light from the second color-selective wave plate 6b, whereas 
R light is converted and emerges as S-polarized light from the 
second color-selective wave plate 6b. 

[0055] Moreover, after unnecessary polarization components 
are further eliminated with the polarizing plate 12d, the B 
light and the R light is incident as S-polarized light on the 
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polarization color combining prism 13. Then, it is reflected 
by a polarization color combining film 13c of the polarization 
color combining prism 13, and thus combined with the P-polarized 
G projection light that has been transmitted through the 
5 polarization color combining film 13c. 

[0056] The combined RGB projection light is projected by the 
projection lens 11 onto a projection surface, such as a screen. 

[0057] The polarization color combining prism 13 of this 
embodiment is made by joining together two triangular prisms 
10 13a and 13b. A polarization color combining film 13c made of 
a multilayer film is provided at the junction surface of the 
first triangular prism 13a, and is attached with an adhesive 
to the second triangular prism 13b. 

[0058] Table 1 below shows a design example of the 

15 polarization color combining film 13c used in the present 
embodiment. This polarization color combining film 13c is made 
by layering 15 films (of two kinds of materials) on the first 
triangular prism 13a serving as the base. FIGS. 5A and 5B are 
graphs showing its characteristics. FIG. 5A shows the 
20 transmittance for P-polarized light for incidence angles of 40°, 
45° and 50° on the polarization color combining film 13c and 
FIG. 5B shows the reflectance for S-polarized light for 
incidence angles of 40°, 45° and 50° on the polarization color 
combining film 13c. 

25 
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[0060] When the wavelength range for green (G) is defined as 
500 to 570 nm, the wavelength range for red (R) is defined as 
590 to 650 nm, and the wavelength range for blue (B) is defined 
as 430 to 480 nm, then the average transmittance (and the average 
reflectance) at a predetermined angular range (± 5°) with 
respect to a reference angle of incidence of 45° on the 
polarization color combining film 13c can be determined as 

Tpg = (Tpg40 + Tpg45 + Tpg50)/3 
where Tgp45 is the average transmittance in the wavelength range 
of G at an incidence angle of 45°, and Tpg40 and Tpg50 are the 
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average transmittances in the wavelength range of G at incidence 
angles of 45° ± 5°. 

[ 00 61 ] Similarly, it is possible to determine the average 
transmittance (and the average reflectance) of other wavelength 
5 ranges. 

[0062] The average transmittance of the polarization color 
combining film 13c for P-polarized light in the wavelength range 
of G is thus: 

Tpg = 94.7% > 90%, 

10 the average reflectance for S-polarized light in the wavelength 
range of R is: 

Rsr = 97.2% > 90%, and 
the average reflectance for S-polarized light in the wavelength 
range . of B is: 

15 Rsb = 96.7% > 90%. 

[0063] In the polarization color combining film 13c with the 
film structure shown in Table 1, the refractive index nH of the 
material with the higher refractive index is 2.3, whereas the 
refractive index nL of the material with the lower refractive 

20 index is 1.4 6, so that when the refractive index nB of the glass 
material (base) of the polarization color combining prism is 
determined such that an incidence angle of 45° on the 
polarization color combining film 13c is the Brewster angle, 
then it becomes: 

25 

nB = V(2 x nH 2 + nL 2 / (nH 2 + nL 2 )) =1.74 
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[0064] Here, a glass (base) with a refractive index of 1.52 
is used, so that the film structure is attained in which the 
Brewster condition is not satisfied for P-polarized light, and 
low reflection characteristics are attained only for the 
5 wavelength region of G. 

[0065] Moreover, in the film structure of the polarization 
color combining film 13c, material with high refractive index 
and material with low refractive index are layered in 
alternation, and by providing the various layers with different 

10 thicknesses (film thicknesses), the periodicity of the 
alternating layers is reduced, and alternating reflective bands 
and transmissive bands are not generated. Thus, a highly 
efficient transmittance and reflectance that do not sway with 
the angular characteristics are attained in a predetermined 

15 wavelength region . 

[0066] Here, by taking the wavelength region of visible light 
as 430 to 650 nm, the average transmittance of the polarization 
color combining film 13c for P-polarized light in the wavelength 
region of visible light is 

20 Tpw = 84.5% > 75%, 

and its average reflectance for S-polarized light in the 
wavelength region of visible light is 

Rsw = 84.5% > 75%. 
[0067] That is to say, the polarization color combining film 

25 13c has the characteristics that it transmits most of the 
P-polarized light and reflects most of the S-polarized light 
of the visible wavelength range. However, different to 
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ordinary polarization splitting surfaces, the characteristics 
are not uniform with regard to light of the respective 
wavelength regions in the angular region of an incidence angle 
of 45° ± 5°. 

[0068] The average reflectance of the polarization color 
combining film 13c for P-polarized light in the wavelength 
region of G is 

Rpg = 2.6%, 

its average reflectance for P-polarized light in the wavelength 
region of R is 

Rpr = 25. 9%, 

its average reflectance for P-polarized light in the wavelength 
region of B is 

Rpb = 23.6%, 

its average transmittance for S-polarized light in the 
wavelength region of G is 
Tsg = 30.4%, 

its average transmittance for S-polarized light in the 
wavelength region of R is 

Tsr = 2.8%, and 
its average transmittance for S-polarized light in the 
wavelength region of B is 

Tsb = 3.3%. 

[0069] The ratios of the average reflectance of the 

polarization color combining film 13 for P-polarized light in 
the wavelength region of G to its average reflectance for 
P-polarized light in the wavelength regions of R and B are 
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Rpg/Rpr = 0.099 < 0.5, and 

Rpg/Rpb = 0.108 < 0.5. 
[0070] The ratios of the average transmittance of the 
polarization color combining film 13 for S-polarized light in 
the wavelength regions of R and B to its average reflectance 
for S-polarized light in the wavelength region of G are 

Tsr/Tsg = 0.091 < 0.5, and 

Tsb/Tsg = 0.108 < 0.5. 
[0071] Thus, by setting the film characteristics such that 
only the wavelength ranges for which the colors are combined 
in the present embodiment become highly efficient, angular 
fluctuations can be reduced. 

[0072] Embodiment 2 

[0073] FIG. 6 shows an example of the structure of an image 
projection apparatus according to Embodiment 2 of the present 
invention. In FIG. 6, reference numeral 21 denotes a light 
source emitting white light with a continuous spectrum, 
reference numeral 22 denotes a reflector condensing light in 
a predetermined direction, reference numeral 23a denotes a 
first fly-eye lens made by arranging rectangular lenses in a 
matrix, and reference numeral 23b denotes a second fly-eye lens 
made of a lens array corresponding to the individual lenses in 
the first fly-eye lens 22a. Reference numeral 24 denotes a 
polarization conversion element, which aligns unpolarized 
light to light which has a predetermined polarization direction. 
Reference numerals 25a and 25b denote condenser lenses, and 
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reference numeral 25c denotes a reflection mirror. 
[0074] Reference numeral 26a denotes a first color-selective 
wave plate, which converts the polarization direction of B light 
by 90° but does not convert the polarization direction of R light. 
5 Reference numeral 26b denotes a second color-selective wave 
plate, which converts the polarization direction of R light by 
90° but does not convert the polarization direction of B light. 
[0075] Reference numeral 27 denotes a third color-selective 
wave plate, which converts the polarization direction of G light 
10 by 90° but does not convert the polarization direction of B and 
R light. 

[0076] Reference numeral 28 denotes a 1/2 wave plate, and 
reference numerals 29a, 29b, and 29c respectively denote a first 
polarization beam splitter, a second polarization beam splitter, 

15 and a third polarization beam splitter, which transmit 
P-polarized light and reflect S-polarized light. 
[0077] Moreover, reference numeral 34 denotes a polarization 
color combining prism that transmits P-polarized G light and 
reflects S-polarized R and B light. 

20 [0078] Reference numerals 30r, 30g and 30b respectively 
denote a reflective liquid crystal display element 
(image-forming element) for red, a reflective liquid crystal 
display element for green, and a reflective liquid crystal 
display element for blue, which reflect the respective color 

25 light (incident light) and perform image modulation. 

[0079] These reflective liquid crystal display elements 30r, 
30g and 30b are connected to a driving circuit 51. The driving 
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circuit 51 is supplied with image signals from an image 
information supplying apparatus 52, such as a personal computer, 
a DVD player, a video deck or a television receiver, and drives 
the liquid crystal display elements 30r, 30g and 30b in response 
to the supplied image signals. Thus, the light of the various 
colors incident on the liquid crystal display elements 30r, 30g 
and 30b is image-modulated and reflected. 

[0080] Reference numerals 31r, 31g and 31b respectively 
denote a 1/4 wave plate for red, a 1/4 wave plate for green, 
and a 1/4 wave plate for blue. Reference numeral 32 denotes 
a projection lens, and reference numerals 33a, 33b and 33c 
respectively denote polarizing plates. 

[0081] The polarization conversion element 24 is made of 
polarization splitting surfaces, reflecting surfaces and 1/2 
wave plates, and has such a structure that incident 
non-polarized light emerges from it aligned as S-polarized 
light. 

[0082] The third color-selective wave plate 27, which is 
provided in the illumination optical path, has the 
characteristics shown by the solid line in FIG. 7. Incident 
B and R light emerges from it unchanged as S-polarized light, 
whereas G light is converted to P-polarized light and emerges 
from it. 

[0083] The light whose polarization direction has been 
adjusted by the third color-selective wave plate 27 is incident 
on the first polarization beam splitter 29a. The G light, which 
is P-polarized, is transmitted through the polarization 
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splitting surface of the first polarization beam splitter 29a, 
and the R and B light, which is S-polarized light, is reflected 
by the first polarization beam splitter 29a. Thus, color 
separation is carried out. 
5 [0084] The polarization direction of the color-separated G 
light is converted by the 1/2 wave plate 28, and after the 
polarization direction has been aligned by the polarizing plate 
33a, the G light is incident as S-polarized light on the second 
polarization beam splitter 29b. Then, it is reflected by the 
10 polarization splitting surface of the second polarization beam 
splitter 29b and reaches the reflective liquid crystal display 
element 30g for G light. 

[0085] At the reflective liquid crystal display element 30g 
for G light, the G light is image-modulated and reflected. The 

15 S-polarized component of the image-modulated G light is again 
reflected by the polarization splitting surface of the second 
polarization beam splitter 29b, is returned to the light source 
side and thus eliminated from the projection light. 
[0086] The P-polarized component of the image-modulated G 

20 light is transmitted through the polarization splitting surface 
of the second polarization beam splitter 29b, and after 
unnecessary polarization components are further eliminated 
with the polarizing plate 33b, the G light is incident as 
P-polarized light on the polarization color combining prism 34, 

25 is transmitted through the polarization color combining prism 
34 and reaches the projection lens 32. 

[0087] The R and B light reflected by the first polarization 
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beam splitter 29a is incident on the first color-selective wave 
plate 26a. The first color-selective wave plate 26a has 
characteristics as shown in FIG. 3, and the R light emerges 
unchanged as P-polarized light, whereas the B light is converted 
into S-polarized light. 

[0088] Thus, the B light is incident as P-polarized light and 
the R light is incident as S-polarized light on the third 
polarization beam splitter 29c. The B light is transmitted 
through the polarization splitting surface of the third 
polarization beam splitter 29c and reaches the reflective 
liquid crystal display element 30b for B light. On the other 
hand, the R light is reflected by the polarization splitting 
surface of the third polarization beam splitter 29c and reaches 
the reflective liquid crystal display element 30r for R light. 
[0089] At the reflective liquid crystal display element 30b 
for B light, the B light is image-modulated and reflected. The 
P-polarized light component of the image-modulated B light is 
again transmitted through the polarization splitting surface 
of the third polarization beam splitter 29c and is returned to 
the light source side and thus eliminated from the projection 
light. 

[0090] The S-polarized light component of the modulated B 
light is reflected by the polarization splitting surface and 
becomes the projection light. Similarly, at the reflective 
liquid crystal display element 30r for R light, the R light is 
image-modulated and reflected. The S-polarized light 
component of the modulated R light is again reflected by the 
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polarization splitting surface of the third polarization beam 
splitter 29c and is returned to the light source side and thus 
eliminated from the projection light. The P-polarized light 
component of the modulated and reflected R light is transmitted 
5 through the polarization splitting surface of the third 
polarization beam splitter 29c and becomes the projection light. 
Thus, the B and R projection light is combined into one light 
flux . 

[0091] The combined R and B projection light is incident on 
10 the second color-selective wave plate 26b. The second 
color-selective wave plate 26b has the characteristics shown 
in FIG. 4 and rotates only the polarization direction of the 
R light by 90°. Thus, both the R and B light is converted into 
S-polarized light, and reaches the polarization color combining 
15 prism 34. Then, it is combined with the G projection light by 
being reflected at the polarization color combining film 34c. 
[0092] The polarization color combining prism 34 of the 
present embodiment is made by joining together two triangular 
prisms 34a and 34b. A polarization color combining film 34c 
20 made of a multilayer film is provided at the junction surface 
of the first triangular prism 34a, and is attached with an 
adhesive to the second triangular prism 34b. 

[0093] Table 2 below shows a design example of the 

polarization color combining film 34c used in the present 
25 embodiment . This polarization color combining film 34c is made 
by layering 15 films (of two kinds of materials) on a first 
triangular prism 13a serving as the base. FIGS. 8A and 8B are 
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graphs showing its characteristics. FIG . 8A shows the 
transmittance for P-polarized light for incidence angles of 40° , 
45° and 50° on the polarization color combining film 34c and 
FIG . 8B shows the reflectance for S-polarized light for 
5 incidence angles of 40° , 45° and 50° on the polarization color 
combining film 34c. 
[0094] 

Table 2 



Film 


Thickness (ran) 


Refractive 
index 


Adhesive 




1.51 


1 


100 


1.46 


2 


84 


2.30 


3 


167 


1.46 


4 


91 


2.30 


5 


175 


1.46 


6 n 


85 


2.30 


7 


100 


1.46 


8 


147 


2.30 


9 


110 


1.46 


10 


61 


2.30 


11 


93 


1 .46 


12 


47 


2. 30 


13 


96 


1.46 


14 


164 


2.30 


15 


44 


1.46 


Base 




1. 61 



10 

[0095] Here, the refractive index of the adhesive is 1.51, 
and the refractive index of the base is 1.61, so that a Fresnel 
reflection occurs at the junction surface of the adhesive and 
the second triangular prism 34b, and there is a slight loss of 
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light. Therefore, it is also possible to provide an 
anti-reflective film on the junction surface of the second 
triangular prism 34b, and to join the polarization color 
combining film 34c and the anti-reflective film together with 
5 an adhesive. 

[0096] When the wavelength range for green (G) is defined as 
500 to 570 nm, the wavelength range for red (R) is defined as 
590 to 650 nm, and the wavelength range for blue (B) is defined 
as 430 to 480 nm, then the average transmittance of the 

10 polarization color combining film 34c for P-polarized light in 
the wavelength range of G is: 

Tpg = 99.0% > 90%, 
its average reflectance for S-polarized light in the wavelength 
range of R is : 

15 Rsr = 98.2% > 90%, and 

its average reflectance for S-polarized light in the wavelength 
range of B is: 

Rsb = 97.8% > 90%. 
[0097] Here, taking the wavelength region of visible light 

20 as 430 to 650 nm, the average transmittance of the polarization 
color combining film 34c for P-polarized light in the wavelength 
region of visible light is 

Tpw = 90.7% > 75%, 
and its average reflectance for S-polarized light in the 

25 wavelength region of visible light is 
Rsw = 90.3% > 75%. 
[0098] That is to say, the polarization color combining film 
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34c has the characteristics that it transmits most of the 
P-polarized light and reflects most of the S-polarized light 
in the visible wavelength range. However, different to 
ordinary polarization splitting surfaces, the characteristics 
are not uniform with regard to light of the respective 
wavelength regions in the angular region of an incidence angle 
of 45° ± 5°. 

[0099] The average reflectance of the polarization color 
combining film 34c for P-polarized light in the wavelength 
region of G is 

Rpg = 1.0%, 

its average reflectance for P-polarized light in the wavelength 
region of R is 

Rpr = 14.4%, 

its average reflectance for P-polarized light in the wavelength 
region of B is 

Rpb = 16.4%, 

its average transmittance for S-polarized light in the 
wavelength region of G is 
Tsg = 22.6%, 

its average transmittance for S-polarized light in the 
wavelength region of R is 

Tsr = 1.8%, and 
its average transmittance for S-polarized light in the 
wavelength region of B is 

Tsb = 2.2%. 

[0100] The ratios of the average reflectance for P-polarized 
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light in the wavelength region of G to the average reflectance 
for P-polarized light in the wavelength regions of R and B are 

Rpg/Rpr = 0.073 < 0.5, and 

Rpg/Rpb = 0.064 < 0.5. 
[0101] The ratios of the average transmittance for 

S-polarized light in the wavelength regions of R and B to the 
average reflectance for S-polarized light in the wavelength 
region of G are 

Tsr/Tsg = 0.080 < 0.5, and 

Tsb/Tsg = 0.097 < 0.5. 

[0102] Embodiment 3 

[0103] Table 3 below shows a design example of a polarization 
color combining film (13c, 34c) provided on a polarization color 
combining prism (13, 34) of an image projection apparatus 
according to Embodiment 3 of the present invention, which is 
as described in Embodiment 1 or Embodiment 2 . This polarization 
color combining film is made by layering 13 films (of two kinds 
of materials) on a first triangular prism (13a, 34a) serving 
as the base. FIGS. 9A and 9B are graphs showing its 
characteristics. FIG. 9A shows the transmittance of 
P-polarized light for incidence angles of 40°, 45° and 50° on 
the polarization color combining film and FIG. 9B shows the 
reflectance for S-polarized light for incidence angles of 40°, 
45° and 50° on the polarization color combining film. 
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[0104] 

Table 3 



r j — Liu 


Thi pkriPQQ / run] 


Rpf r^ri" ~i up 
AC J L QL- l J. v tz; 

i nHpY 

_1_ 1 1UCA 


AHhp 9 "i vp 
nui i o _i_ v \Zi 




1 SI 


1 


268 


1 4 6 


2 


_L " 




3 


109 

-L \s S 


1 4 6 


4 


111 


2 . 30 


5 


202 


1.46 


6 


45 


2. 30 


7 


155 


1.46 


8 


46 


2.30 


9 


172 


1.46 


10 


142 


2.30 


11 


136 


1.46 


12 


34 


2.30 


13 


114 


1.46 


Base 




1.74 



[0105] When the wavelength range for green (G) is defined as 
500 to 570 nm, the wavelength range for red (R) is defined as 
590 to 650 nm, and the wavelength range for blue (B) is defined 
as 430 to 480 nm, then the average transmittance of the 
polarization color combining film for P-polarized light in the 
wavelength range of G is: 

Tpg = 96. 6% > 90%, 
its average reflectance for S-polarized light in the wavelength 
range of R is: 

Rsr = 97.8% > 90%, and 
its average reflectance for S-polarized light in the wavelength 
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range of B is: 

Rsb = 97.5% > 90%. 
[0106] In this embodiment, the refractive index of the glass 
constituting the polarization color combining prism 
5 substantially satisfies the Brewster condition, but by 
adjusting the film thicknesses such that an anti-reflection 
effect is attained in a narrow band range, the same effect as 
in Embodiment 1 and Embodiment 2 can be attained. In this case, 
the design is adjusted such that the anti-reflection effect in 

10 a narrow band is attained at incidence angles (40°, 50°) that 
deviate from the reference incidence angle (45°). 
[0107] Moreover, taking the wavelength region of visible 
light as 430 to 650 nm, the average transmittance of the 
polarization color combining film for P-polarized light in the 

15 wavelength region of visible light is 
Tpw = 92.2% > 75%, 
and its average reflectance for S-polarized light in the 
wavelength region of visible light is 
Rsw = 94.6% > 75% . 

20 [0108] That is to say, the polarization color combining film 
has the characteristics that it transmits most of the 
P-polarized light and reflects most of the S-polarized light 
of the visible wavelength range. However, different to 
ordinary polarization splitting surfaces, the characteristics 

25 are not uniform with regard to light of the respective 
wavelength regions in the angular region of an incidence angle 
of 45° ± 5°. 
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[0109] The average reflectance of the polarization color 
combining film of the present embodiment for P-polarized light 
in the wavelength region of G is 
Rpg =3.4%, 

5 its average reflectance for P-polarized light in the wavelength 
region of R is 

Rpr = 7.7%, 

its average reflectance for P-polarized light in the wavelength 
region of B is 
10 Rpb = 14.3%, 

its average transmittance for S-polarized light in the 
wavelength region of G is 
Tsg = 10.5%, 

its average transmittance for S-polarized light in the 
15 wavelength region of R is 

Tsr = 2.2%, and 
its average transmittance for S-polarized light in the 
wavelength region of B is 

Tsb = 2.5%. 

20 [0110] The ratios of the average reflectance for P-polarized 
light in the wavelength region of G to the average reflectance 
for P-polarized light in the wavelength regions of R and B are 
Rpg/Rpr = 0.441 < 0.5, and 
Rpg/Rpb = 0.236 < 0.5. 
25 [0111] The ratios of the average transmittance for 

S-polarized light in the wavelength regions of R and B to the 
average reflectance for S-polarized light in the wavelength 
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region of G are 

Tsr/Tsg = 0.204 < 0.5, and 
Tsb/Tsg = 0.234 < 0.5. 

[0112] Embodiment 4 

[0113] Table 4 below shows a design example of a polarization 
color combining film (13c, 34c) provided on a polarization color 
combining prism (13, 34) of an image projection apparatus 
according to Embodiment 4 of the present invention, which is 
as described in Embodiment 1 or Embodiment 2 . This polarization 
color combining film is made by layering 17 films on a first 
triangular prism (13a, 34a) serving as the base. The 
above-described Embodiments 1 to 3 had a structure in which thin 
films of two kinds of materials were layered, but in this 
embodiment, thin films of three or more kinds of materials are 
layered. 

[0114] FIGS. 10A and 10B are graphs showing the 

characteristics of the polarization color combining film. FIG. 
10A shows the t ransmittance of P-polarized light for incidence 
angles of 40°, 45° and 50° on the polarization color combining 
film and FIG. 10B shows the reflectance for S-polarized light 
for incidence angles of 40°, 45° and 50° on the polarization 
color combining film. 
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[0115] 

Table 4 



Fi lm 


Thi rknp^s (nmi 


Rpf r^pf i vp 
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index 


Adhesive 




1 . 6 


1 


118 


2 . 12 


2 


187 


1.46 


3 


74 


2 . 35 


4 


178 


1.46 


5 


99 


2 . 35 


6 


157 


1.46 


7 


78 


2.35 


8 


112 


1. 46 


9 


137 


2. 35 


10 


100 


1.46 


11 


73 


2. 35 


12 


106 


1.46 


13 


145 


2. 35 


14 


115 


1.46 


15 


55 


2. 35 


16 


94 


1.46 


17 


168 


2. 12 


Base 




1.6 



[0116] When the wavelength range for green (G) is defined as 
500 to 570 nm, the wavelength range for red (R) is defined as 
590 to 650 nm, and the wavelength range for blue (B) is defined 
as 430 to 480 nm, then the average transmittance of the 
polarization color combining film for P-polarized light in the 
wavelength range of G is: 

Tpg = 99.6% > 90%, 
its average reflectance for S-polarized light in the wavelength 
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range of R is: 

Rsr = 98.2% > 90%, and 
its average reflectance for S-polarized light in the wavelength 
range of B is: 
5 Rsb = 98.0% > 90%. 

[0117] Moreover, the average transmittance of the 

polarization color combining film of the present embodiment for 
P-polarized light in the wavelength region of visible light is 

Tpw = 87.7% > 75%, 
10 and its average reflectance for S-polarized light in the 
wavelength region of visible light is 

Rsw = 84.5% > 75%. 
[0118] That is to say, the polarization color combining film 
of the present embodiment has the characteristics that it 
15 transmits most of the P-polarized light and reflects most of 
the S-polarized light of the visible wavelength range. However, 
different to ordinary polarization splitting surfaces, the 
characteristics are not uniform with regard to light of the 
respective wavelength regions in the angular region of an 
20 incidence angle of 45° ± 5°. 

[0119] The average reflectance of the polarization color 
combining film of the present embodiment for P-polarized light 
in the wavelength region of G is 

Rpg = 0.4%, 

25 its average reflectance for P-polarized light in the wavelength 
region of R is 

Rpr = 18.9%, 
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its average reflectance for P-polarized light in the wavelength 
region of B is 

Rpb = 23.7%, 

its average transmittance for S-polarized light in the 
5 wavelength region of G is 
Tsg = 35.4%, 

its average transmittance for S-polarized light in the 
wavelength region of R is 
Tsr = 1.8%, and 

10 its average transmittance for S-polarized light in the 
wavelength region of B is 
Tsb = 2.0%. 

[0120] The ratios of the average reflectance for P-polarized 
light in the wavelength region of G to the average reflectance 
15 for P-polarized light in the wavelength regions of R and B are 

Rpg/Rpr = 0.023 < 0.5, and 

Rpg/Rpb = 0.018 < 0.5. 
[0121] The ratios of the average transmittance for 

S-polarized light in the wavelength regions of R and B to the 
20 average reflectance for S-polarized light in the wavelength 
region of G are 

Tsr/Tsg = 0.051 < 0.5, and 

Tsb/Tsg = 0.057 < 0.5. 
[0122] It should be noted that the structure of the film 
25 (polarization color combining film) of the polarization color 
combining prism described in Embodiments 1 to 4 can be used 
without limitation to the combination of the optical system 
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described in Embodiment 1 and Embodiment 2. That is to say, 
it is also possible to use it in an optical system with a 
structure that is different from the optical system described 
in Embodiment 1 and Embodiment 2, in a color combining system 
5 combining P-polarized G light and S-polarized R and B light at 
one film surface. 

[0123] Moreover, as long as it is a polarization color 
combining film with characteristics that satisfy the numerical 
conditions shown in the present invention, it is possible to 
10 achieve the same effect with other design values for the 
polarization color combining film than those shown in 
Embodiments 1 to 4 . 

[0124] Moreover, in a color combining system combining 
S-polarized G light and P-polarized R and B light at one film 
15 surface, a polarization color combining film may be used, which 
has film characteristics as in any of the Embodiments 1 to 4 
but with reflection and transmission reversed. 

[0125] Embodiment 5 

[0126] Table 5 below shows a design example of a polarization 
color combining film according to Embodiment 5 of the present 
invention. The polarization color combining film described in 
Embodiments 1 to 4 had a structure in which G light is transmitted 
and magenta (R and B) light is reflected, but the polarization 
color combining film of this embodiment reflects G light and 
transmits magenta light. Using it, the same effects as in 
Embodiments 1 to 4 can be attained. 
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[0127] 

Table 5 



Film 
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1.45 


10 
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11 


56 


1.45 


12 
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13 


75 


1.45 


14 


98 


2.11 


15 
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1.45 


16 


220 


2.11 


17 


104 


1.45 


18 


114 


2.11 


19 


52 


1.45 


20 


229 


2.11 


21 


58 


1.45 


Base 




1.6 



[0128] The polarization color combining film of this 

embodiment is made by layering 21 films on a base (triangular 
prism or the like) . FIGS. 11A and 11B are graphs showing the 
characteristics of the polarization color combining film. FIG. 
11A shows the transmittance of P-polarized light for incidence 
angles of 40°, 45° and 50° on the polarization color combining 
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film and FIG. 11B shows the reflectance for S-polarized light 
for incidence angles of 40°, 45° and 50° on the polarization 
color combining film. 

[0129] When the wavelength range of green (G) is defined as 
5 500 to 570 nm, the wavelength range of red (R) is defined as 

590 to 650 nm, and the wavelength range of blue (B) is defined 

as 430 to 480 nm, then the average reflectance of the 

polarization color combining film of the present embodiment for 

S-polarized light in the wavelength range of G is: 
10 Rsg = 99.7% > 90% f 

the average transmittance for S-polarized light in the 

wavelength range of R is: 

Tpr = 99.3% > 90%, and 

the average transmittance for S-polarized light in the 
15 wavelength range of B is: 
Tpb = 99.1% > 90%. 

[0130] The average reflectance of the polarization color 

combining film of the present embodiment for P-polarized light 

in the wavelength region of G is 
20 Rpg = 30.8%, 

its average reflectance for P-polarized light in the wavelength 

region of R is 

Rpr = 0.7%, 

its average reflectance for P-polarized light in the wavelength 
25 region of B is 

Rpb = 0.9%, 

its average transmittance for S-polarized light in the 
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wavelength region of G is 
Tsg = 0.3%, 

its average transmittance for S-polarized light in the 
wavelength region of R is 
5 Tsr = 51.9%, and 

its average transmittance for S-polarized light in the 
wavelength region of B is 
Tsb = 61. 8%. 

[0131] The ratios of the average reflectance for P-polarized 
10 light, in the wavelength region of G to the average reflectance 
for P-polarized light in the wavelength regions of R and B are 

Rpr/Rpg = 0.022 < 0.5, and 

Rpb/Rpg = 0.02 9 < 0.5. 
[0132] The ratios of the average transmittance for 

15 S-polarized light in the wavelength regions of R and B to the 
average reflectance for S-polarized light in the wavelength 
region of G are 

Tsg/Tsr = 0.004 < 0.5, and 

Tsg/Tsb = 0.005 < 0.5. 
20 [0133] However, the average transmittance of the polarization 
color combining film for P-polarized light in the wavelength 
region of visible light is 

Tpw = 67 . 2% 

and its average reflectance for S-polarized light in the 
25 wavelength region of visible light is 
Rsw = 88.0%, 

and the proportion of the polarized light separation becomes 
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low for P-polarized light. For this reason, dichroic 
characteristics remain somewhat, and there are fluctuations in 
the range of reflection and transmission depending on the angle, 
but this range of fluctuations is small, so that highly 
efficient color combining is possible. 

[0134] Thus, with the above-described embodiments, it is 
possible to achieve a lower light loss in color combining 
optical systems, and thus to realize a bright image projection 
apparatus . 
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